The present study addresses performance evaluation of a hybrid natural system comprising of settling tank, sand-gravel filter (SGF), aerated constructed wetland (ACW) and vermifilter (VF) for the treatment of domestic wastewater. The sequential batch experiments were conducted in a pilotscale experimental set-up. The biochemical oxygen demand (BOD 5 ) was varied from 20 to 120 mg/L and the hydraulic retention time (HRT) used was from 1 to 3 d. The BOD 5 removal efficiency was found to be in the range 20-40%, and 40-70%, for 3 d HRT in SGF and ACW/VF, respectively. The efficiency of the system for BOD 5 removal was observed to be 80-90% at 3 d HRT and the system was found to be adequate for reducing BOD 5 to a value less than 20 mg/L. The effluent can be recycled and used for non-potable purposes in a household. The developed system is a potential option for the decentralized wastewater treatment.
It can be seen from reviewing the literature that the CW and VF systems have been separately adopted for the efficient treatment of domestic wastewater. However, there is a need to develop, assess the performance and establish design guidelines for a hybrid natural treatment system consisting of primary, secondary and tertiary processes. In the present study, a pilot-scale hybrid natural treatment system consisting of primary treatment (settling tank and sand-gravel filter (SGF)), secondary treatment (ACW with T. latifolia in stone media) and tertiary treatment (VF and coal filter) was developed. The performance evaluation studies were carried out at various stages of treatment for varied organic loading rate and hydraulic retention time (HRT).
MATERIALS AND METHODS

Experimental set-up
The objectives of the system were to remove suspended solids and dissolved organic matter. The processes used in the experimental setup include settling, filtration, decompo- The settling unit allows the coarser solids to settle out and equalize the quality of feed wastewater. In order to refine the quality of feed water to the ACW, the SGF was provided.
It is a graded upflow filter with gravel at the bottom and sand at the top. The details of filter are given in Table 1 .
The secondary treatment is in the form of a vertical subsurface flow ACW. It has stone-grit (8-12 mm) as a supporting medium vegetated with T. latifolia. The ACW was provided with a special type of aeration system consisting of an interconnected network of perforated vertical and horizontal pipes to induce the air circulation naturally.
There are five vertical pipes provided throughout the depth of medium and six horizontal pipes located at different levels. The tertiary treatment unit has VF followed by layers of coal. Both of these were included in the same tank with the VF at the top and the coal bed at the bottom. The VF is made up of a circular plastic tank of 32 cm diameter and 48 cm height. The bottom of the tank is filled with 5-9 mm graded layer of coal to a depth of 10 cm. The top of the coal layer is covered with a fine plastic net (<0.5 mm mesh) to avoid intermixing of sand and coal. Graded layers of gravel and sand, as described in Table 1 , are laid over this plastic net. A garden soil 18 cm deep is laid over a plastic net which separates the soil layer from the sand. The plastic net restricts the movement of earthworms in to deeper layers of sand and gravel. The earthworms (Eisenia foetida) were introduced into the soil and were allowed to acclimatize. In order to distribute the feed wastewater uniformly a drip arrangement was made.
Operation of the system
The various units in the treatment system were arranged in such a way that a gravity flow was maintained through the system. The SGF and ACW were operated in upflow and downflow modes, respectively. The system was operated in sequential batch mode. The steps involved in the operation are described below: 3. The outflow valve of settling tank was opened to the extent required to achieve a specified HRT thereby feeding the SGF at the bottom.
4. The flow from the SGF enters continuously into the ACW at the top and was spread uniformly until the closure of the outflow valve of settling tank. After the stoppage of flow from the settling tank, there is a drawdown of wastewater level in the ACW. During this drawdown period the ACW aeration system comes into action and provides an avenue for external air being sucked into the ACW thereby aerating the entire bed of stone grit.
5. The secondary effluent from ACW was fed uniformly by the drip system to the tertiary system, which works in the downflow mode. The secondary effluent first moves through VF followed by the adsorption unit (coal bed).
The tertiary effluent was collected in a closed container.
6. Steps 2 to 5 were repeated for each of the batches. The organic loading was varied and each of the organic loading for a specified HRT constituted a batch.
7. The required amount of settled feed wastewater was collected for analysis. The flows from SGF, ACW and VF were collected through the sampling ports in the respective units on a daily basis and analysed.
Planning of experiments
The experiments were planned in two phases: initial and established. The initial phase was the period when the vegetation grew to a certain height and roots developed. In this phase, groundwater was used as feed water for the growth of vegetation.
The established phase was when vegetation had grown to a sufficient height so that it could sustain and treat the wastewater. In this phase, the treatment system was evaluated for its performance in treating the raw wastewater. 
RESULTS AND DISCUSSION
Initial phase
The initial phase of experimentation covered the growth of vegetation (T. latifolia), development of roots and maturation of the system. The freshwater was fed to the system and the growth of plants was observed. The average height of the plants was 40 cm at the end of initial phase. Four weeks was required for adequate growth of the vegetation.
The dissolved oxygen (DO) was also determined at various stages of treatment. It was found that the increase in DO was in the range 33-52% during the initial phase of treatment. The increase in DO was observed in both the ACW and VF.
Established phase
In the established phase, the treatment system was fed with varied organic loadings and the system was operated at various HRTs. The performance evaluation of each of the treatment units and system as a whole is described below.
Sand-gravel filter
The performance of SGF was evaluated for the removal of turbidity and organic matter.
Turbidity
The turbidity of feed (settled wastewater) was in the range 20-50 NTU. The turbidity of effluent from the SGF was observed to be less than 1 NTU for HRT of 1, 2 and 3 d.
No clogging and ponding effects were observed during the period of study. The turbidity removal mechanism involved was basically mechanical straining. A thin slimy layer was observed around the extracted sand particles. The lesser thickness of biofilm is useful in maintaining aerobic conditions in the SGF. However, detailed microbiological studies of this biofilm were not carried out.
ACW and vermifilter
The performance of the ACW and VF was evaluated for the removal of organic matter and the variation in pH was monitored. of the system. They also grind the silt and sand particles thus providing high total specific surface area, which enhances the ability to adsorb the organic and inorganic matter from the wastewater passing through.
The microbes play an important role in a vermi-biofiltration system and they also provide some extracellular enzymes to facilitate rapid degradation by earthworms of organic substances in vermibeds. Earthworms and aerobic microbes act symbiotically to accelerate and enhance the decomposition of organic matter. The soil and small stones of the VF bed and microbial system in the control biofiltration unit are responsible for chemical oxygen demand reduction while in the vermi-biofiltration system enzymes, secreted by earthworm and gut-associated microflora, Figure 7 | Overall treatment efficiency of the system for BOD removal.
